Evidence of non-pathogenic relationship of Alternaria section Undifilum endophytes within three host locoweed plants species Journal 
, and a Chaetothyriales fungus that is associated with Ipomoea carnea Jacq. (Cook et al. 2013 ).
In the last few decades, many plants have been shown to be associated with endophytic fungi (Petrini 1986; Redecker et al. 2000; Krings et al. 2007) . Most plants interact with fungal endophytes in a symbiotic relationship that is either beneficial or deleterious (Bacon and White 2000; Rodriguez et al. 2009 ). Parasitic relationships between plants and fungi have been well studied, while less is known about the commensalistic or mutualistic relationships between fungi and their hosts (Kogel et al. 2006) . Epichloë festucae and Neotyphodium are endophytes that live mutualistically within grasses (Christensen et al. 2008) . Previous studies involving locoweeds showed that A. oxytropis grows within the leaves of Oxytropis sericea without evidence of pathogenic invasion of the endophyte within the cells of the plant tissue (Reyna et al. 2012) . The endophytic fungi A. oxytropis, A. cinerea and A. fulva do not appear to harm their locoweed host plants , and there is no apparent benefit to the plant in hosting the fungi (Vallotton et al. 2012; Klypina et al. 2017 ).
Understanding the physical interaction between plant and fungi will provide information on the nature of the symbiotic relationship. Most fungi grow and branch using a cellular vesicle organizer called the Spitzenkörper (Spk) , that add cell components to build tissue at the tip or apex of hyphae (Girbardt 1957; Grove 1978; Prosser and Trinic 1979; Trinic 1984; BartnickiGarcía et al. 1989 BartnickiGarcía et al. , 1995 . Endophytic Alternaria of Astragalus and Oxytropis are transmitted vertically in the seed coats (Oldrup et al. 2010; Ralphs et al. 2011 ). This feature of seed transmission is analogous to that found in Epichloë endophytes (James et al. 1991; Gundel et al. 2008) . Hyphal cell growth expands as the leaf expands (Christensen et al. 2008) , once the leaves stops expanding, the hyphal growth also stop, suggesting that signaling from the host controls D r a f t 5 fungal growth (Tan et al. 2001) . Epichloë festucae can absorb nutrients from its host plant, Lolium perenne by colonizing, as a branched hyphae, the intercellular spaces of vegetative and reproductive aerial tissues of the plant presenting a highly mutualistic relationship (Takemoto et al. 2006; Tanaka et al. 2006) .
Evidence of the pathogenic interaction between fungi and their host plants can be observed in several different forms. Many plant pathogens digest plant cell walls using enzymes, such as cellulases, and pectinases that break down cell walls (Brown 1936) . Fungi such as Fusarium oxysporum grow in the xylem, causing loss of turgidity (wilting), chlorosis, discoloration of the vascular tissue, stunting, and death (Gothoskar et al. 1955; Walker 1957. Pathogenic Alternaria spp. cause leaf spots (necrosis) and rapid necrosis of leaf and stem tissues on a variety of hosts (Stevenson 1993; Sankar and Sreeramulu, 2011; Nagrale et al. 2013 ).
Sunken necrotic lesions of leaf, stem, and roots are often caused by pathogenic fungi that collapse the protoplast due to the penetration of small diameter of branch hyphae between plant cells (Walker 1957) . Plants often produce resistance mechanisms in response to pathogen infection. For example, Arabidopsis can regenerate new tissue called callus, irregular cell masses or thick dermal tissue that surround wound site to avoid disease (Sugimoto 2010; Ikeuchi et al. 2013 ).
The growth of Alternaria section Undifilum endophytes in culture is well documented, they can be cultured from dried plants or scarified seed and have a characteristic slow growth (Braun et al. 2003) . The endophytes are not reported to produce spores on their host plants and are not pathogenic (Pryor et al. 2009 ).
Plant cells have compounds that naturally autofluoresce (Rost 1992) . Microorganisms also fluoresce and have a different emission spectra than plants (Pohlker et al. 2011) . In general, D r a f t 6 plant cells fluoresce in a wider spectral range from green (540-550nm), blue (450nm-500nm) to red (680nm-735nm) and these emission spectra vary based on the plant phenotype (Merzlyak 1988; Roshchina 2003) . Spectroscopy has been used to examine the fluorescence in plant tissues (Lichtenthaler et al. 1992) . Laser-induced fluorescence (LIF) is a useful technique and also has been used for plant identification (Chappelle et al. 1985) and assessment of human and environmental impact on plant vegetation (Chappelle et al. 1984a (Chappelle et al. , 1984b Chappelle and Williams 1987) . Fungi autofluoresce and the first use of fluorescence using UV excitation was studied in dermatology in 1925 to identify the fungal infection on hair (Margarot and Deveze, 1925) . UV light can be very helpful in fungal diagnosis. The visual analysis of autofluorescence of dermatomycoses Trichphyton schoenleinii emitted in pale blue color and Malassezia furfur emitted in faint yellow autofluorescence (Mustakallio and Korhonen 1966) . Multiple wavelength of fungal autofluorescence spectrum have been reported to be in 430 nm, 485 nm, and 550 nm (de Araujo et al., 2010) .
While the growth of A. oxytropis and other Alternaria section Undifilum species have been examined in culture (Pryor et al. 2009; Baucom et al. 2012) , only A. oxytropis has been examined in planta (Reyna et al. 2012) . In this study, we compared the neutral symbiosis of A. oxytropis and its host Oxytropis sericea with that of A. cinerea, and A. fulva with their respective host plants Astragalus mollissimus and A. lentiginosus. Microscopy was used to visualize the in vitro growth of endophytic hyphae. We utilized laser-induced fluorescence and lambda scanning to visualize the difference in wavelengths between the plant and fungus and established that the fungal spectrum did not overlap with the plant spectrum. We also observed growth patterns and growth rates of the fungi in culture. seconds. After drying, the tissues were transferred onto water agar plates and observed until fungal growth was apparent. The resulting fungi were transferred to PDA plates and incubated at room temperature for 30 days (Baucom et al. 2012) . Fungal mycelia were transferred from PDA to phytoagar for Stereomicroscope analysis. Phytoagar was used because it does not contain excess salts and agar, and is transparent, facilitating its use for stereofluoroscope and confocal microscopy.
MATERIALS AND METHODS

Plants and Fungi
D r a f t 8
Confocal Microscopy
Samples were prepared for confocal microscopy by cutting fresh stems longitudinally with a scalpel. The three plant species used were A. lentiginosus, A. mollissimus and O. sericea. Two individual plant samples from each species were used. Some stems were dried for a month and re-suspended in deionized water at room temperature and some are fresh. The stem tissues were examined using a (model TCS SP5) confocal microscope (Leica Microsystems, Exton, PA) with a long working distance using a 20X dry lens. All samples were oriented in glass bottom microwell dishes (MatTek Corp, Ashland, MA), so that the base of the stem was at the lower border of images and the upper border of the image corresponded to the sample closest to the apex of the stem. Samples were illuminated with either a UV (405 nm) or Argon (488 nm) laser light and fluorescence emission and was recorded in three separate channels, 425-500 nm (blue), 520-560 nm (green) and 660-720 nm (red). Sets of optical sections (Z-stacks) were collected and visualized as graphic overlays of the three fluorescence channels. Plots of fluorescence emission (lambda scans) from UV (405 nm) and Argon (488 nm) laser excitation were also collected from selected areas of plant and fungal tissue. There were six representative images for each of the three plant species, both positive and negative. A minimum of six samples were assayed (n≥6) and the representative images included at least 10 regions of interest for each image for each plant species.
SEM
Plant stems were examined using the freeze fracture method (Haggis and Phipps-Todd 1977) .
One sample from each plant species was used. Samples were fixed in 2.5% glutaraldehyde buffered at pH 7.2 with 0.1M imidazole-HCl. After storage in fixative solution, samples were gradually dehydrated in a series of ethanol dilutions (50%, 80% and 100%). Finally, the samples D r a f t were dehydrated in a 1:1 mixture of 100% ethanol and hexamethyldisilazane (HMDS) for 1 hour, followed by immersion in 100% HMDS for 1 hour. The samples were then air dried overnight on Whatman filter paper and mounted on Aluminum specimen stubs using colloidal silver paint (Electron Microscopy Sciences, Hatfield, PA) and sputter coated with a thin layer of Au/Pd in a model Desk IV vacuum coater (Denton Vacuum, Morrisville, NJ) (Fischer et al. 2012 ). All stem samples were marked to track their orientation. The figures are presented with the tip of the stem at the top of the image. More than 10 digital images were recorded for each plant species including positive and negative, and the best six images were selected for publication.
Stereomicroscope
Fungal hyphae of A. oxytropis, A. cinerea, and A. fulva were examined after culturing on phytoagar at room temperature. The fungi grew in the medium and were imaged at 3 days, 10 days, 20 days, and 30 days, post inoculation. At each time point, a new side branch point of the mycelia was chosen from the same plate and, the branch extension was measured. A model M165 FC Stereomicroscope (Leica Microsystems, Buffalo Grove, IL) was used to examine fungal growth rate and microstructure. The hyphal growth rate was examined by capturing photographs in JPG files in real time at 10-minute intervals for 60 min-130 min for each species using PLANAPO 2.0X lens (Leica 10450030). One plate of phytoagar of Alternaria oxytropis, A. cinerea, and A. fulva were used for imaging. For each fungal species, 10-15 images were taken and the best six images for each species were used for measurement. Six images for each species were combined using PhotoStage slideshow by NCH Software (version 3.45) to examine the direction and structural details of hyphal growth.
Measurements
D r a f t
Six captured images of A. oxytropis, A. cinerea, and A. fulva from the stereomicroscope were magnified and copied onto paper. The measurements of growth rate were completed manually using a metric ruler. Tip areas were identified and measured to determine how much hyphal tissue was added to the tip during a time point interval. The images were captured from the phytoagar culture at different ages (3 days, 10 days, 20 days, and 30 days) at 10 min intervals and the growth divided by the total 60 min-130 min. These values were calibrated to the scale bar (100 µm) for each image. To determine the width of the endophytic hyphae, the width of the growing tip at each age category was measured using a metric ruler and the results were calibrated to the scale bar of 100 µm.
Statistical analysis
The growth rates of A. oxytropis, A. cinerea, and A. fulva on 3, 10, 20, and 30 days age of culture were examined by analysis of variance using least square means estimates in JMP in SAS. The H 0 hypothesis: Every pair of means is equal to one another (e.g., µ 1 = µ 2 , µ 1 = µ 3 ,…µ i = µ j ). H a :
There are pairs of means that are unequal (e.g., µ 1 ≠ µ 2 , µ 1 ≠µ 3 ,…µ i ≠ µ j ). After rejection of the null hypothesis, Tukeys test was used for pairwise comparisons of mean growth rate (µm) among Alternaria sect. Undifilum species across the days. The growth measurements were taken from the stereomicroscope every 10 minutes for a total of 60 min-130 min from n≥6 images.
Significant differences were calculated at P < α=0.05.
RESULTS
Scanning Electron Microscope (SEM) and Laser Scanning Confocal Microscope
Endophytes were detected by microscopy and culturing from Oxytropis sericea, Astragalus mollissimus, and A. lentiginosus and their identity confirmed by PCR and sequencing. As However, the endophyte exhibits fluorescence in the blue wavelengths between 450nm to 550nm (FIG1. B). The independent lambda scan of the hyphae shows that they are identical despite the different intensity and different perspectives in the micrographs (FIG1.B). Here we have included data for one Alternaria species since all of the species had auto-fluorescence at approximately 480nm and were distinct from the plant spectra at 680nm.
Images taken with the SEM and confocal microscopes showed that readily identifiable hyphae were proximal to cell walls without any apparent morphological specializations of cell wall responses from the host. The hyphae grow from the base of the stem toward the tip and appeared in densely branched networks (FIGS. 3A, B and C). After the hyphae branched, they grew horizontally, and then branched (FIG. 3B) . The visualization of hyphae was observed to align roughly with the plant tissues in parallel (FIGS. 3A, B and D). Typically, the fungus occupied the extracellular spaces and produced dense networks in these spaces (FIG. 3B) .
To determine if visualization of the hyphae within the plant tissue was as effective for dried tissue as for fresh tissues, fresh stems were compared with dried and rehydrated stems. 
Stereomicroscope
Alternaria oxytropis, A. cinerea, and A. fulva fungi were grown in phytoagar and were imaged every ten minutes to observe growth patterns. The length of the hyphae was measured and graphed over time; it grew fastest in the first 3 days and stopped completely after 30 days. The hyphae appeared to grow by adding cells to the growing tip through formation of a Spk (FIG 6.) .
The average growth rate of the hyphal tip with the fungi within phytoagar medium was measured using a stereomicroscope and the growth of the three species of endophytes varied. In general, the growth was much faster early and declined as the cultures aged. The results from
Figures 7 and 8, Table 1 , and Table 2 show that A. cinerea grew the fastest but growth was also very erratic as noted by the broad range of growth measured at 3 days, 10 days, and 20 days, while A. oxytropis grew the slowest, and A. fulva showed intermediate growth. Table 2 shows analysis of variance and based on the output of least square mean estimates, A. cinerea grew significantly faster overall (2.05 µm, P < 0.05) than A. oxytropis and A. fulva. A wide range of growth was observed at 3 days for all three species, while at 30 days, A. oxytropis and A. fulva had a narrow range of growth (Table.1 ). The growth rate of A. oxytropis and A. cinerea decreased from 3 days to 10 days while the growth rate of A. fulva increased (Tables 2 and 3) . A. cinerea grew significantly more at 3 days than 20 and 30 days (Table 3 .A and B). This was similar to A. oxytropis which grew significantly more in 3 days than 10, 20, or 30 days. A. fulva grew was significantly more at 10 days than 30 days (Table 3. The width of the growing tip and hyphae remained almost constant for all three species as they aged from 10 to 30 days. No noticeable changes in width of hyphae were observed as it grew in phytoagar medium.
DISCUSSION
The endophytic fungi A. cinerea and A. fulva, although inhabiting Astragalus species locoweeds, grew very similarly to A. oxytropis, which inhabits Oxytropis sp. Both confocal and SEM images illustrate that the hyphae from all three fungi can be seen ubiquitously throughout the pith of stems from all three plant species. Alternaria oxytropis, A. cinerea, and A. fulva fungi were all auto fluorescent within stem tissue when they were examined by confocal microscopy.
Comparable plant tissue exhibited typical auto fluorescence spectra distinct from that of the endophytes. The endophytes have a fluorescence emission peak between 460nm to 500nm that differs from the plant's range from 670nm to 700nm. The differences in fluorescence between the endophyte and plant host enabled one to distinguish between the cell wall of the plant and the hyphae that are attached to it. Furthermore, Oxytropis sericea plants not infected with the endophyte which helped the comparison of plant tissues from fungal tissues.
Some endophytic fungi do not become pathogenic within plants (Carroll 1988 (Carroll , 1991 . We explored the possibility of a non-pathogenic relationship between the endophytic fungi and the locoweed plant. The fungus lives within the plant, but does not appear to damage the plant.
Moreover, the locoweed endophytic species do not appear to become pathogenic even when introduced to the plants in sterile culture, small seedlings (Oldrup et. al. 2010) or tested in greenhouses with large plants (Delaney et al. 2011; Vallotton et al. 2012; Klypina et al. 2017 ).
All of our microscopy results showed no apparent interaction of the endophytes with plant cell D r a f t walls and no intracellular endophyte growth within plant tissue. This is indicative of a nonpathogenic association, which differs from a parasite-host interaction in which the fungal hyphae growth was observed to be both vertical or parallel in relation to stem tissue (Brown 1936 (TABLE I) . The average growth rate in phyto-agar media at 3 days, 10 days, 20 days, and 30 days showed that A. cinerea grew faster than A. oxytropis and A. fulva. All of the Alternaria section Undifilum species grew faster at 3 days and all grew slowly or not at all at 20 or 30 days. It is difficult to compare these growth rates to previous studies on growth rate because the fungi were grown on different media and were measured at a single time point (Pryor et al. 2009; Baucom et al. 2012 ). According to Baucom et al. (2012) , there is no radial D r a f t growth in minimal media (water agar) for A. cinerea and it grew only on PDA, exhibiting slower growth than A. oxytropis and A. fulva on PDA. These data suggests that growth measurements should be taken at different times to show a more accurate growth rate. The growth study was done in minimal media which would be expected to promote less radial growth than a rich medium (PDA). The work shows that these endophytes are capable of growing quickly which may enhance their capability to more effectively colonize based on rapid changes in plant growth such as a developing inflorescence.
In conclusion, the overall symbiosis was shown to be non-pathogenic to the plant, but didn't distinguish between whether their association was of a commensal and parasitic nature (Klypina et al. 2017) . This association could be non-pathogenic because the benefit to the plant is unknown while the endophyte is provided with a habitat and nutrition. More studies are needed to determine the benefit to the plant in order to clarify the potential for mutualism. White arrows are pointed to the hyphae. Scale bar 100 µm. 
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